Introduction: Right heart catheterization (RHC) is an invasive procedure providing direct and accurate measurements of hemodynamics of the cardiovascular system. Acute pulmonary vasoreactivity testing (APVT) following basal RHC in some patients is an established tool evaluating the reversibility of hypertension in the pulmonary vasculature.
Introduction
Right heart catheterization (RHC) is widely used in cardiology, cardiac and thoracic surgery, pulmonology and intensive care, as it provides useful data concerning hemodynamics of the cardiovascular system. This examination was carried out for the first time by Forssmann in 1929, and then further developed by Cournand and Richards [1] . Right heart catheterization is an invasive procedure that enables direct and accurate measurement of the condition of the right heart and pulmonary vessels and indirectly provides information about the left heart [2] .
Indications for this examination in adults comprise: 1) diagnosis of pulmonary hypertension, establishing its type, severity and further monitoring, 2) evaluation prior to correction of cardiac shunt defects and 3) eligibility for heart and/or lung transplantation [3] . In some cases baseline hemodynamic evaluation is followed by acute pulmonary vasoreactivity testing (APVT). It assesses the ability of pulmonary arteries to dilate after the administration of a vasodilating drug (e.g. inhaled nitric oxide or iloprost, intravenous nitroglycerin or sodium nitroprusside) [4] [5] [6] [7] . Depending on the underlying condition, the purpose of APVT varies from the indication for use of calcium channel blockers in pulmonary arterial hypertension, through the evaluation for correction of cardiac shunt defects to heart and/or lung transplantation [8] . The catheter is placed in the right heart mostly through a central vein [9] . Right heart catheterization is rarely associated with any serious complications; however, its rate is dependent on the clinical status of patients and the operator's and center's experience. Numerous conditions lead to elevation of the pressure in pulmonary arteries and become indications for RHC; their frequency varies in the literature, as does the number of complications [10] [11] [12] [13] [14] .
Aim
We sought to assess the indications for RHC, as well as occurrence of adverse events, especially serious ones. This study reports the results of RHC procedures in a tertiary hospital taking into consideration the most common underlying conditions, vascular approaches and safety of this procedure.
Material and methods
A single-center prospective registry was carried out from January 2015 to May 2017. Fully informed, written consent for the procedure was obtained from each patient. Three hundred and forty-eight (64% male) patients at the mean age of 54.6 ±12.4 years with suspicion of pulmonary hypertension had RHC using a Swan-Ganz catheter performed. Collected data included basic demographic data (gender, age) and clinical data such as body surface area, heart rate, systemic blood pressure, comorbidities, pharmacological treatment, indications for RHC, vascular approaches and complications of the procedure. Routes of access were the internal jugular vein, venous angle, depending on the operator's preference, and the femoral vein, if additional conditions were present. Adverse events were classified as major -pulmonary edema, pneumothorax and puncture of carotid artery followed by the insertion of a vascular sheath -and minor: atrial arrhythmia, superior vena cava dissection, incidental artery puncture and local hematoma. Each complication was observed and intervention was undertaken, if necessary. Catheterizations were carried out in the catheterization laboratory, mostly by 5 experienced operators. Some patients were on anticoagulant therapy; it was stopped before the procedure without bridging and started again after 6 h, if no complications occurred. Right heart catheterization was postponed if international normalized ratio (INR) > 2. Strict aseptic technique and local anaesthesia with lidocaine 2% were used. A 7 Fr sheath was introduced with the modified Seldinger technique. Ultrasound guidance was used prior to 34% of procedures; more often the position of the catheter was confirmed in fluoroscopy. Measured parameters concerning pulmonary circulation were as follows: mean right atrium pressure, right ventricle pressure (systolic, diastolic and end-diastolic), pulmonary artery pressure (systolic, diastolic and mean), and wedge pressure obtained after catheter balloon inflation at the end of expiration. Cardiac output (CO) was measured with thermodilution with cold saline or the direct Fick method for patients with intracardiac shunts, whereas the cardiac index (CI), pulmonary (PVR), systemic vascular resistance (SVR) and transpulmonary gradient (TPG) were estimated based on previous measurements. After removal of the sheath, pressure was applied to the site and an occlusive dressing was used. The diagnosis of pulmonary hypertension was established if mean pulmonary artery pressure equaled or exceeded 25 mm Hg. Some patients had an acute pulmonary vasoreactivity test with iloprost or nitroglycerin performed. APVT was performed in all patients with idiopathic or familial pulmonary (pre-capillary) hypertension if pulmonary vascular resistance was ≥ 2.5 Wood's units or transpulmonary gradient > 12 mm Hg in patients with pulmonary hypertension due to left heart diseases. Iloprost was administered in the dose of 5 μg inhaled within about 7 min, and nitroglycerin was administered according to the protocol: in 10-minute IV infusion of 0.2 mg/ml concentration with 20 ml/h flow, which resulted in the total dose of 0.67 ±0.13 mg being given. The administration was stopped if the systemic systolic blood pressure fell below 85 mm Hg. Measurements were repeated again 10-15 min after administration of a vasodilator. Depending on the underlying condition the response of the vessels was assessed according to current guidelines. In precapillary pulmonary hypertension positive criteria for APVT were as follows: mean pulmonary artery pressure decrease of at least 10 mm Hg and below 40 mm Hg with increased or unchanged cardiac output. For postcapillary pulmonary hypertension PVR and TPG were taken into assessment and the APVT was considered positive if they decreased to < 2.5 WU and < 12 mm Hg respectively, without a systemic systolic blood pressure drop below 85 mm Hg. Continuous variables are expressed as mean or median and categorical data are reported as frequencies and percentages.
Statistical analysis
Descriptive statistics were completed using Statistica 12, Statistica, USA, Oklahoma, Tulsa.
Results
Five hundred and thirty-four right heart catheterizations were carried out comprising 6% of all procedures in our catheterization laboratory. Those procedures were performed in 348 patients (64% male). One hundred and eight patients had more than one RHC performed (2-6 procedures). Serial assessment were required in: 1) monitoring and requirement of modifications of treatment and aggravations of pulmonary arterial hyperten-sion (PAH) as well as 2) according to ISHLT guidelines, monitoring of patients (every 3-6 months) on hold for heart transplantation [15] . Pulmonary hypertension was confirmed in 75% (n = 401) of procedures and in 10% (n = 56) of cases mean pulmonary artery pressure of unclear significance (25 mm Hg < mPAP ≥ 21 mm Hg) was present. The results of RHC are shown below (Table I) . Only in one case was the examination not performed due to pulmonary valve stenosis. To estimate cardiac output the thermodilution method was used in 97% (n = 518) of catheterizations, and the direct Fick method in 3% (n = 16) of procedures. Arterial blood gases were taken before CO measurement in 36% (n = 194) of catheterizations from patients who suffered from pulmonary arterial hypertension or chronic thromboembolic pulmonary hypertension. At the time of 53% (n = 281) of procedures patients were on chronic anticoagulant therapy, which was stopped before and introduced after the procedure as described previously. 3.7% (n = 20) of procedures were managed, while clopidogrel therapy was applied, without stopping. Pulmonary circulation targeted therapy was given in 230 patients and 38% (n = 204) of interventions; the drugs were sildenafil, treprostinil, bosentan, epoprostenol, iloprost, riociguat, macitentan single or combined. Dopamine and dobutamine were administered during examination in 1.3% (n = 7) of cases, and in 1.1% (n = 6) of cases one of those drugs was given.
All procedures were elective, done in an inpatient setting. The most frequent indication was left heart failure: 55.8% (n = 298) of all procedures (Figure 1 ). The etiology of this condition was ischemic cardiomyopathy in 26% (n = 139) of cases, then dilated cardiomyopathy in 19.9% (n = 106) and hypertrophic cardiomyopathy in 3.6% (n = 19) (Figure 2 ). In this group elevated pulmonary pressure was present after heart transplantation in 2% (n = 11) of patients. Other indications were: suspicion of arterial 21.7% (n = 116), and chronic thromboembolic pulmonary hypertension 14.6% (n = 78). Much less common were interstitial lung diseases: idiopathic pulmonary fibrosis in 3.6% (n = 19) and systemic sclerosis in 3.4% (n = 18) (Figure 3) .
The vascular approach of choice was the right internal jugular vein in 89.1% (n = 476) with limited participation of the venous angle in 9.2% (n = 49), and only minimal use of the femoral vein (1.1%, n = 6) and left internal jugular vein (0.6%, n = 3).
Acute vasoreactivity testing of pulmonary vessels was performed in 143 procedures, 62% (n = 89) with iloprost and 38% (n = 54) with nitroglycerin. Positive criteria for APVT were noted in 45.4% (n = 65) of cases regardless of the underlying condition or applied drug. This examination was carried out in 80.4% (n = 115) of patients with postcapillary pulmonary hypertension, who were evaluated for heart transplantation and in 19.6% (n = 28) of patients with precapillary pulmonary hypertension to de- Figure 1 . Classes of pulmonary hypertension diagnosed in examined patients. Class 1 -pulmonary arterial hypertension, class 2 -pulmonary hypertension due to left heart disease, class 3 -pulmonary hypertension due to lung diseases and/or hypoxia, class 4 -chronic thromboembolic pulmonary hypertension, class 5 -pulmonary hypertension with unclear mechanism termine the indication for treatment with calcium channel blockers. Positive criteria were noted in 53% (n = 61) and 14.3% (n = 4) of procedures, respectively (Table II) .
Complications were noted in 21 (3.9%) interventions. The major ones were as follows: pulmonary edema, pneumothorax occurring in one patient each and puncture of the artery followed by the insertion of a vascular sheath in two cases; one was the carotid artery and the other the subclavian artery. Those complications caused discontinuation of the procedure. In the first case hypertrophic cardiomyopathy was the underlying condition of a 56-year-old patient, who developed pulmonary edema during acute vasoreactivity testing with iloprost. Introduced management included diuretics, oxygen, morphine and prolonged hospitalization. Artery puncture with the insertion of a 7 Fr vascular sheath in one case was closed with the StarClose SE Vascular Closure System (Abbott Vascular, Santa Clara, CA, USA) and verified with angiography, while in another case the sheath was removed and prolonged manual compression was applied. None of those patients presented any neurological defects or hematoma at the injection site. Despite those complications, examinations were completed after the patient's stabilization, during the same hospitalization. Pneumothorax was diagnosed after venous angle puncture. The patient was intubated due to respiratory failure, drugs were applied (oxygen, theophylline, morphine, salbutamol), drained and he was transferred to the intensive care unit. Minor complications were present in 17 procedures and included mild, spontaneously resolved arrhythmia in 1 (0.2%) procedure, superior vena cava dissection in 1 (0.2%) procedure, local hematoma in 9 (1.7%) patients, which were of minimal danger and did not require any intervention, and incidental artery puncture in 3 (0.6%) patients; in those cases the needle was immediately removed and compression was applied. In 3 (0.6%) cases both hematoma and artery puncture were present in one patient. Superior vena cava dissection was noted after right internal jugular vein puncture and catheter introduction. Dissection reached the right atrium, did not bring any other complications and the procedure was continued. We did not observe more frequent complications if repetitive catheterizations were performed. No patient presented pulmonary hemorrhage, pulmonary artery rupture, air embolism or infection. No deaths directly associated with RHC or its complications were noted.
Discussion
The main findings of this study are as follows: 1) Left heart diseases are the most common reasons for performing RHC in our center, 2) The right internal jugu- lar vein is a safe and easily reached access, 3. RHC performed in our center does not lead to fatal complications and major complications are rare.
In the vast majority of cases in which right heart catheterization was performed, there were underlying cardiology conditions: heart failure, and to a lesser degree pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension (cTEPH). Indications presented by other authors vary to a great extent. In a large, multicenter study diagnosis of left heart failure was present in less than 10%, and other studies report this condition in less than 20% [10] [11] [12] 14] . Furthermore, frequency of pulmonary arterial hypertension fluctuates in other research from 3.5% to 66%, being particularly similar to our in the study of Lee [10-12, 14, 16] . The RHC is also obligatory in diagnosis of CTEPH; this condition is quite infrequent, yet as an indication for RHC in our center the frequency is similar to others (13% vs. 14.6%) [11, 17] . Frequency of evaluation of intracardiac shunts in the literature varies from 3% to 60%; our results are comparable to the research of Shah et al. (2.9% vs. 3%) [12, 16] . This variety in percentage of indications occurs as different reports present various groups of patients dependent on center type and profile (its reference, transplant center), wards where RHC was carried out (cardiology, intensive care unit, pulmonology), patients' condition: RHC acute or planned performance, in-or outpatient RHC, and number of patients.
The results of the present study indicate that the most common approach was the right internal jugular vein; this approach is suggested in ESC as well as in local recommendations [3, 18] . Concerning this aspect, our study can be compared to other analyses. Ranu et al. used this access in 330 out of 349 patients in their analysis, the only alternative access was the left internal jugular vein [19] . Some centers adopt the subclavian vein as often as the femoral vein, but still they point out that the latter is associated with greater risk of infectious and thrombotic complications [20] . In another group of 295 right heart catheterizations there was a slight preference for neck access (174) over arm access (121) [10] . In the prospective arm of a large, multicenter study, which included 1491 patients, the internal jugular vein was used in more than 70% of procedures; less common were brachial, femoral and subclavian accesses [14] . Basilic veins were not used in any patient in our center. However, some centers prefer this access to others, but even then the femoral vein is also adopted [11, 16] . The right internal jugular vein is a reasonable approach regarding recommendations as well as previous studies.
A vasoreactivity test was carried out in 143 patients; 45.5% of them were classified as responders, 37.1% with iloprost and 59.3% with nitroglycerin. The latter is not standard recommended vasodilator, although it was used in APVT in previous studies on small groups of patients and is mentioned in some local guidelines [5, 21] . The percentage of reversibility achieved in other studies is comparable to ours, but the agents applied differ, as nitric oxide and nifedipine were also administered [22, 23] . Concerning patients suffering from PAH, iloprost is rarely used as a vasodilator; in some analyses its effectiveness is similar to the present study (14% vs. 15.4%). Another compound, epoprostenol, is reported to be a more potent agent, reaching 31% reversibility [6, 24] . The study of Hoeper et al. characterized iloprost to be more efficient than nitric oxide [25] . Nonetheless, some research on candidates for heart transplantation reported the use of not only nitroglycerin and prostacyclin, but also sodium nitroprusside, which was not assessed in the present study [26] . Comparable outcomes were achieved by Torres Macho et al. -almost 50% of patients who happened to be responders (vs. 53% in this study) used vasodilators including nitroglycerin, sodium nitroprusside and prostacyclin, but no significant differences between groups in response to the vasoreactivity test were noted [5] . Some studies carried out on small groups of patients with slightly different vasodilators show a higher percentage of reversibility of this type of pulmonary hypertension -almost 80% [26] .
The frequency of complications noted in the present study was nearly 4%; it is more than in the study by Hoeper et al., who noted about 1% complications, and some other studies with a similar frequency of adverse events, which is 0.6-1.8% [10] [11] [12] 19] . However, our results in terms of percentage of complications are comparable to some others, reaching 3-6% [27] [28] [29] . McGee and Gould in their review noted frequency of complications even up to 20%, depending on the access site [13] . Frequency of puncture of the artery followed by the insertion of a vascular sheath is noted in the literature at less than 1%. In a retrospective 11-year-long study, Bechara et al. noted this complication 12 times. Similarly to ours, they were followed by neither neurological defect nor other events, and management of this complication in their study was comparable to ours [30] . Pneumothorax is an uncommon complication, but more likely to be present if subclavian access is used [13] . A review reports this event in the mentioned approach at about 1.5-3.1%; thus it is more than in our study and almost identical to Hoeper's [13, 14] . Pulmonary edema after pulmonary vasoreactivity testing with a prostacyclin analogue is rarely mentioned in literature [31] and superior vena cava dissection during RHC has not been reported so far.
Artery puncture is a common difficulty, especially in patients with severe hypoxemia and low CO as the arterial blood color and flow resemble venous ones. In observational studies, the frequency ranges from 0.1% to 9%, and a review reported about 6.3-9.4% of all procedures in which the access site was the internal jugular vein [10, 13, 20, 27, 32] . This complication is more common in femoral access and infrequent in antecubital access [10, 20] . Local hematoma is also a common complication and our experience is comparable to others. In the present study it appeared in 2%, while rates given in the literature are 0.1-2.2% [13, 14] . Likewise, arrhythmias are reported in previous studies in a similar percentage [14] . Frequency of adverse events, especially more serious, appear mainly in research in which a greater number of patients was taken into consideration [9, 13, 14, 33] . Complications such as artery puncture with/without insertion of a vascular sheath depend on access site and operator's experience. Hematomas are usually not serious, but difficult to avoid and appear in most studies with similar commonness. This registry does not differ from previous studies in terms of the number of complications. Serious ones were properly managed, and did not lead to permanent disability. Remarkably, we did not observe some serious events present in other studies, such as vagal reaction, vein thrombosis, pulmonary artery rupture or transient ischemic attack and deaths associated directly with RHC.
Conclusions
Right heart catheterization is carried out in numerous conditions, particularly it is carried out in patients suffering from left heart failure, chronic thromboembolic pulmonary hypertension and pulmonary arterial hypertension, which contributes to the indications for RHC. Central venous access seems to have an acceptable safety and feasibility profile. The RHC is a harmless procedure, and complications are rare, especially when ultrasound-and/or fluoroscopy-guided. Caution is required when performing APVT in patients with left heart failure with severe restriction of the left ventricle.
